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1
PROGRAMMABLE READ-ONLY MEMORY
DEVICE AND METHOD OF WRITING THE
SAME

This application claims the benefit, under 35 U.S.C. § 119
of EP Patent Application 11306023.0, filed 09 Aug. 2011.

FIELD OF THE INVENTION

The invention relates to a programmable read-only
memory (PROM) device and a method of operating such a
PROM-device.

BACKGROUND

A programmable read-only memory (PROM) is a non-
volatile data storage, wherein programming of data may be
performed after the device has been manufactured. Typically,
PROMs are manufactured blank and depending on the tech-
nology, the PROM-device is programmed at wafer level, at a
final testing stage or in system. Classical PROM-devices log
each bit in a memory cell comprising a fuse or an anti-fuse.
Typically, the default setting of each memory cell is a logical
value identical to “0”. By blowing the fuse or anti-fuse irre-
versibly, this value may be set to “1”. Blowing a fuse opens a
connection while programming an anti-fuse closes the con-
nection. Because it is impossible to “un-blow” the fuse, data
is stored permanently.

A different approach to a PROM-device is a carbon nano-
tube based memory cell, as exemplarily disclosed by
Furukawa in U.S. Pat. No. 7,668,004. This document teaches
amemory cell 2 as shown in the simplified circuit diagram of
FIG. 1. The memory cell 2 comprises a MOS transistor 4 that
is coupled to a word line WL and to a bit line BL.. Further, a
sense amplifier 6 is coupled to the bit line BL. and to a
reference voltage VREF. The channel of the MOS transistor 4
is coupled to a carbon nanotube element 8 comprising a
storage electrode that is coupled to a storage node 10 and to a
release electrode that is coupled to a release node 14 that is
further coupled to a release line RL.. A carbon nanotube 16 is
coupled to a reference node 12.

Within the context of this specification a carbon nanotube
16 will be referred to as a nanotube only. Preferably, single
walled carbon nanotubes having the typical cylindrical nano-
structure which is made from a honeycomb crystal lattice of
graphene which is a hexagonal carbon structure are applied.

The nanotube 16 has two possible states which are illus-
trated in FIG. 2a and FIG. 2b. In principle, the nanotube
element 8 is a switch, wherein by way of an example only, the
status in FIG. 2a corresponds to an ON-state representing a
logical “1” and the status in FIG. 25 represents the OFF-state
and corresponds to a logical “0”. There is a small capacitance
between the nanotube 16 and the storage terminal 18 and the
release terminal 20, respectively. By applying a suitable volt-
age between either the storage node 10 and the reference node
12 or the release node 14 and the reference node 12, a respec-
tive switching state may be realized. Due to attractive Van-
der-Waals forces between the nanotube 16 and the respective
terminal 18, 20, the nanotube 16 is bound to either one of the
electrodes 18, 20 and is held in its respective switching state.

In a memory cell 2 of a PROM-device, the connection or
disconnection between the word line WL and the bit line BL
is set permanently. FIG. 3 is a simplified detailed view to a
couple of memory cells 21 . . . 26 of a PROM-device 6. The
memory cells 21 . . . 26 are coupled between the respective bit
lines BL1...BL3 and word lines WL1 and WL2. Each bitline
BL1 ... BL3 comprises a protective resistor 30. Further, each
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memory cell 21 . .. 26 comprises a switch 32, e.g. a fuse or
anti-fuse element or a nanotube element 8 as exemplarily
shown in FIGS. 1 and 2. For reading out a memory cell
21...26,ahighlevel is applied to the selected word line, e.g.
WL1. Now, access is provided to all memory cells 21 ... 23
that are coupled to this word line WL1. After this addressing
step, a conductive memory cell, e.g. memory cell 22 provides
a high level to the assigned bit line, i.e. BL2. In order to
protect the other memory cells, i.e. memory cells 21 and 23
from the high level of word line WL1, every memory cell
21...26 comprises a diode 34.

However, the data retention times of PROM-devices using
acarbon nanotube based switch 32 is not sufficient, especially
for data archives. Further, the PROM-device comprises a high
number of diftferent elements, e.g. switches 32, diodes 34 and
resistors 30. This leads to a complex production process.

It is an object of the present invention to provide an
improved PROM-device and an improved method of operat-
ing a PROM-device.

SUMMARY

According to an aspect of the invention, a programmable
read only memory (PROM) device is provided. The PROM-
device comprises a storage electrode that is coupled to a word
line and a reference electrode that is coupled to a bit line.
Further, a memory cell of the PROM-device comprises a
nanotube having a tilted portion comprising a free end and a
fixed portion which is coupled to the reference node which
preferably serves as a bottom electrode for the nanotube. The
nanotube comprises a structural defect between the fixed
portion and the tilted portion. This structural defect causes the
nanotube to bend or tilt towards either the storage electrode or
an opposite release electrode. The nanotube is bending such
that its free end is electrically connected to either the storage
electrode or the release electrode.

The nanotube is bent or tilted due to its structural defect.
The configuration of the nanotube is however stable because
a reconstruction of the nanotube will take place after genera-
tion of the structural defect.

This reconstruction may take place by integration of one or
more heptagons and/or pentagons in the carbon nanotube
structure which is typically a honeycomb like hexagonal
structure. Preferably, the nanotube may be bent by integrating
at least one heptagon-pentagon pair.

Programming of the storage cell may be performed by a
controlled generation of structural defects in the nanotube.
On the one hand, this is a very efficient way of programming
the storage cell, on the other hand, the reconstructed structure
of the nanotube is stable for long periods of time. Advanta-
geously, this leads to long term data stability. Further, the
storage cell needs a small area only. Accordingly, a high
storage density may be achieved. In summary, a PROM-
device according to aspects of the invention offers high data
stability and high storage density, which makes it suitable for
data archive systems that have to store large amounts of data
for a long period of time.

According to another aspect of the invention, the tilted
portion and the fixed portion are configured to have a different
electronic band-gap. Preferably, these two portions of the
nanotube have band-gaps so as to form a diode between the
tilted portion and the fixed portion.

The electronic properties of nanotubes depend on their
microstructure and may be widely varying. For instance, the
structure of a single walled nanotube may be characterized by
apair of indices (n, m), the chiral vector. The integers nand m
denote the number of unit vectors along two directions in the
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honeycomb crystal lattice. While nanotubes having a chiral
vector with indices n=m are typically metallic, the nanotube
will be a semiconductor if (n-m) mod 3=0 which means that
the difference n—m is a multiple of 3. Further, the width of the
electronic band-gap of the nanotube may be a function of its
diameter. The band-gaps of the tilted portion and the fixed
portion of the nanotube may be adjusted by selecting a suit-
able chiral vector (n, m) or diameter for the respective por-
tions of the nanotube.

Advantageously, the diode, which is typically a separate
element of storage cells which are known in the prior art, may
be integrated in the nanotube element. The separate diode is
dispensable since it may be realized by the nanotube itself.
This reduction of elements simplifies the production process.
By way of an example only, the band gap of one part of the
nanotube is comparable to a band gap of a semiconductor and
the band gap of the other portion is comparable to a band gap
of a metal. This will result in a Schottky-diode. Advanta-
geously, a diode that is a part of every single memory-cell of
the PROM-device may be provided.

According to an embodiment of the invention, a second
nanotube is coupled to the storage electrode and the first free
end of the first nanotube is electrically connected to the stor-
age electrode via the second nanotube. Preferably, the first
end of'the first nanotube faces a second free end of the second
nanotube. According to another aspect of the invention, the
tilted portion of the first nanotube has a different band-gap
than the second nanotube. In an aspect of the invention, the
first and second nanotube may have different diameters or
different chiral vectors which lead to different electronic
band-gaps.

According to this aspect of the invention, an electrical
connection between the first and second carbon nanotube
results in a diode, too. Advantageously, there will be another
diode thatis a part of every single memory-cell of the PROM-
device. This may be advantageous if the diode should—for
whatsoever reason—not be realized by the bent nanotube
itself.

According to another embodiment of the invention, the
storage electrode and/or the release electrode comprise a
surface oxide layer. Preferably, this oxide layer has a prede-
termined ohmic resistance. The oxide layer may be located at
a surface of the electrodes that is facing the free end of the
nanotube. Advantageously, this oxide layer replaces the pro-
tective resistor that is typically a part of every bit-line of a
PROM-device.

In another embodiment of the invention, the anode of this
nanotube based diode is coupled to the word line and the
cathode thereof is coupled to the bit line. This orientation of
the diode, however, depends on the design of the PROM-
device and the polarity of the bit- and word-line. If polarity
should be altered, the diode has to be designed such that its
orientation is the other way round.

In another aspect of the invention, a method of operating a
programmable read-only memory (PROM) device is pro-
vided. The PROM-device has a storage electrode that is
coupled to a word line and reference node that is coupled to a
bit line. A memory cell of the PROM-device comprises a
nanotube having a tilted portion comprising a free end and a
fixed portion which is coupled to the reference node. Prefer-
ably, this reference node serves as a bottom electrode for the
nanotube. For writing bit information to the memory cell, a
structural defect is induced in the nanotube. This structural
defect is induced such that the free end of the nanotube is
tilted towards either the storage or the release electrode. An
electrical connection to either the storage or the release elec-
trode may be established.
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Preferably, the step of inducing the structural defect com-
prises an implantation of an impurity in the carbon nanotube.
This induction of the structural defect may be performed by
ion implantation of foreign or impurity atoms, e.g. metal
atoms. Preferably, this implantation step is performed during
the semiconductor manufacturing process.

A structural defect in the nanotube will probably cause free
electron orbitals at the nanotube’s carbon atoms that are adja-
cent to the defect in the hexagonal structure. A mechanic
bending process will help the orbitals to overlap again. How-
ever, this will result in a shortening of the nanotube at one of
its sides. Reorganization may take place wherein heptagonal
and/or pentagonal structures may be integrated into the nano-
tube structure. This may be supported by performing a curing
or annealing step.

Same or similar advantages that have been already men-
tioned with respect to the PROM-device also apply to the
method of writing the PROM-device.

BRIEF DESCRIPTION OF DRAWINGS

Further aspects of the invention will ensue from the fol-
lowing description of example embodiments with reference
to the accompanying drawings, wherein

FIG. 1 is a simplified circuit diagram of a memory cell,

FIGS. 2a and 25 are simplified detailed views to a nanotube
element of a memory cell and

FIG. 3 is a simplified circuit diagram of a PROM-device,
according to the prior art,

FIGS. 4a and 45 are simplified circuit diagrams of memory
cells of a PROM-device, according to an embodiment of the
invention,

FIGS. 5 to 7 are simplified detailed views to a nanotube
element, according to embodiments of the invention and

FIGS. 8a and 86 are simplified circuit diagrams of memory
cells, according to further embodiments of the invention.

DETAILED DESCRIPTION OF EXAMPLE
EMBODIMENTS

FIGS. 4a and 4b show simplified circuit diagrams of a
memory cell 2 for a PROM-device according to an embodi-
ment of the invention. FIG. 4a shows the ON-status, corre-
sponding to a logical “1”. A bit line BL. and a word line WL,
are coupled to the memory cell 2. The memory cell 2 com-
prises a nanotube element 8 having a storage electrode 18 and
arelease electrode 20 which are coupled to the word line WL
and the bit line BL, respectively. A diode 34 is coupled
between the word line WL and the storage electrode 18 in
forward direction, which means that the anode of'the diode 34
is coupled to the word line WL and the cathode is coupled to
the storage electrode 18. A carbon nanotube 16, in the context
of'this specification referred to as a nanotube only, is coupled
to the reference node 12, serving as a base electrode, and
further to the bit line BL.. The nanotube 16 comprises a struc-
tural defect which causes a free end 36 of the nanotube 16 to
bend or tilt towards the storage electrode 18. An electrical
contact is provided between the word line WL and the bit line
BL via the nanotube 16. The nanotube 16 is in a stable
configuration and provides an electrical connection having a
high long-term stability.

The simplified circuit diagram in FIG. 45 represents a
logical “0”. The memory cell 2 is in the OFF-status. The
configuration of the memory cell 2 is comparable to the
configuration in FIG. 4a despite of the fact that the free end 36
of the nanotube 16 is tilted towards the release electrode 20.
This is due to a different structural defect. Accordingly, the
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nanotube 16 provides an electrical connection between the
release electrode 20 and the reference node 12 that are both
coupled to the bit line BL.

FIG. 5 is a simplified detailed view to the nanotube element
8 of FIG. 4a. The nanotube 16 comprises a fixed portion 38
and a tilted portion 40. The hexagonal honeycomb structure
of'the nanotube is indicated by the honeycomb pattern in FIG.
5. However, the hexagonal honeycombs are used as a filling
pattern only. The depicted hexagonal structure does not cor-
respond to the microstructure of the nanotube 16; the same
applies to FIGS. 6 and 7. The nanotube 16 comprises a struc-
tural defect which is located between the fixed portion 38 and
the tilted portion 40. The structural defect is not shown in
FIGS. 510 7. This structural defect comprises e.g. one or more
heptagons and/or pentagons which are integrated into the
typically honeycomb like hexagonal structure of the nano-
tube. Preferably, the nanotube 16 comprises at least one hep-
tagon-pentagon pair. The nanostructure of a tilted nanotube is
e.g. known in detail from Phys. Rew. Lett., p. 971, 1996. This
structural defect causes the nanotube to bend with respect to
the longitudinal access A towards the storage electrode 18.
There is an electrical contact between the free end 36 of the
nanotube 16 and the storage electrode 18 that is further
coupled to the storage node 10.

The structural defect may be generated by ion implantation
of foreign atoms, e.g. metal atoms. The high kinetic energy
causes a structural defect in the hexagonal carbon structure.
Accordingly, vacancies and free bindings may be generated
and the free end 36 of the nanotube 16 will tilt due to attractive
forces between the free orbitals of the carbon atoms. Defects
in the nanotube 16 structure may be cured in an annealing
step.

The tilted portion 40 and the fixed portion 38 of the nano-
tube 16 may be configured to have different electronic band-
gaps. The tilted portion 40 and the fixed portion 38 of the
nanotube 16 have band-gaps so as to form a diode between
each other. The electronic properties of nanotube 16 depends
on the microstructure and may be widely varying. The elec-
tronic band-gap may be a function of the chiral vector (n, m).
While nanotubes having a chiral vector with indices n=m are
typically metallic, the nanotube 16 will be a semiconductor if
(n-m) mod 3=0. Further, the width of the electronic band-gap
of the nanotube 16 may be a function of its diameter. Advan-
tageously, the diode, which is typically a separate element of
storage cells which are known in the prior art, may be inte-
grated in the nanotube element 8.

Further, the storage electrode 18 and the release electrode
20 may comprise an oxide layer 42. In other words, a surface
that is facing the free end 36 of the nanotube 16 may be
covered with the oxide layer 42. The oxide layer 42 may have
a predetermined ohmic resistance and provides a resistor
between the storage electrode 18 and the free end 36 of the
nanotube 16 and the release electrode 20, respectively.
Advantageously, a protective resistor may be integrated in the
nanotube element 8.

FIG. 6 is a further detailed view of a nanotube element 8
comprising a nanotube 16 having a free end 36 that is tilted
towards the release electrode 20. This figure corresponds to
the situation in FIG. 4b. There is an electrical connection
between the release electrode 20 and the free end 36. The
nanotube element 8 is in the OFF-status, representing a logi-
cal “0”. In comparison to the situation in FIG. 5, the structural
defect may be arranged vice versa.

FIG. 7 is a further detailed view to a nanotube element 8 of
a memory cell 2 that is a part of PROM-device according to
another embodiment of the invention. Due to the arrangement
of the structural defect, the free end 36 of the nanotube 16 is
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tilted towards the storage electrode 18. This configuration
represents the ON-status of the nanotube element 8. The
storage electrode 18 comprises a second nanotube 44. This
second nanotube 44 comprises a second free end 46 that is
adjacent to the free end 36 of the first nanotube 16. The first
and the second nanotube 16, 44 are in electrical contact via
their free ends 36, 46. The first nanotube 16 and the second
nanotube may have a different electronic band-gap. This may
be due to their different chiral vector (n, m). However, the
electronic band-gap may be a function of the diameter of the
nanotube 16, 44, too. By way of an example only, the first
nanotube 16 has a first diameter D1 that is greater than a
second diameter D2 of the second nanotube 44. Both, the first
and the second diameter D1, D2 are measured in a zone of the
first and second nanotube 16, 44, respectively, that comprises
the respective free end 36, 46 of the respective nanotube 16,
44. Due to the fact, the first and second nanotube 16, 44 have
a different electronic band gap, a semiconductor- or hetero-
junction may be provided in the transitional area 48 between
the free ends 36, 46 of the first and second nanotube 16, 44.
This junction can result in diode characteristic of the contact
between the nanotubes 16, 44. In the configuration of FIG. 7,
the diode is arranged in forward direction between the storage
electrode 18 and the carbon nanotube 16. Advantageously, the
diode is integrated into the nanotube element 8 and is a part of
each memory cell 2 of a PROM-device.

The storage electrode 18 further comprises a surface oxide
layer 42 and the second nanotube 44 is coupled to the storage
electrode 18 via this surface oxide layer 42. Accordingly, a
resistor may be provided between the storage electrode 18
and the second carbon nanotube 44.

FIGS. 84 and 85 are simplified circuit diagrams illustrating
amemory cell 2 corresponding to the embodiment of FIG. 7.
FIG. 8a is the ON-status representing a logical “1”, FIG. 85 is
the OFF-status representing a logical “0”. In the ON-state, the
free end 36 of the nanotube 16 is connected to the second free
end 46 of the second nanotube 44 in the transitional area 48.
The memory cell 2 provides the full functionality of a switch
(due to the tilting of the free end 36 of the first nanotube 16),
a diode (due to the different structure of the first and second
nanotube 16, 44 in the transitional area 48 or due to the
different structure of the fixed portion 38 and the tilted portion
40 of the nanotube 16) and a protective resistor (due to the
oxide layer 42 that is present on the surface of the storage
electrode 18).

FIG. 8b illustrates the OFF-status (logical “0”) of the
memory cell 2. The free end 36 of the nanotube 16 is tilted
towards the release electrode 20 and accordingly, there is no
electrical contact between the bit line BL and the word line
WL.

Although the invention has been described hereinabove
with reference to a specific embodiment, it is not limited to
this embodiment and no doubt further alternatives will occur
to the skilled person that lie within the scope of the invention
as claimed.

REFERENCE SIGNS

2 memory cell

4 MOS transistor

6 sense amplifier

8 nanotube element
10 storage node

12 reference node
14 release node

16 carbon nanotube
18 storage electrode
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20 release electrode

21 .. .26 memory cell

30 protective resistor

32 switch

34 diode

36 first free end

38 fixed portion

40 tilted portion

42 oxide layer

44 second carbon nanotube

46 second free end

48 transitional area

A longitudinal axis

BL bit line

RL release line

WL word line

The invention claimed is:

1. A programmable read only memory (PROM) device,
having a storage electrode that is coupled to a word line, a
reference node that is coupled to a bit line and a memory cell
comprising a nanotube having a tilted portion which com-
prises a free end and a fixed portion which is coupled to the
reference node, wherein the nanotube comprises a structural
defect between the fixed portion and the tilted portion which
causes the nanotube to bend towards either the storage elec-
trode or an opposite release electrode such that the free end is
electrically connected to either the storage electrode or the
release electrode, the tilted portion and the fixed portion being
configured to have a different electronic band-gap which are
arranged so as to form a diode between the tilted portion and
the fixed portion, an anode of the diode being coupled to the
word line and a cathode of the diode being coupled to the bit
line, and at least one of the storage electrode and the release
electrode comprising a surface oxide layer.

2. The PROM-device according to claim 1, wherein the
structural defect comprises at least one heptagon and at least
one pentagon.

3. The PROM-device according to claim 1, wherein a sec-
ond nanotube is coupled to the storage electrode and the free
end of the first nanotube is electrically connected to the stor-
age electrode via the second nanotube.

4. The PROM-device according to claim 2, wherein a sec-
ond nanotube is coupled to the storage electrode and the free
end of the first nanotube is electrically connected to the stor-
age electrode via the second nanotube.
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5. The PROM-device according to claim 3, wherein a first
free end of the first nanotube faces a second free end of the
second nanotube.

6. The PROM-device according to claim 3, wherein the
tilted portion of the first nanotube has a different band-gap
than the second nanotube.

7. The PROM-device according to claim 6, wherein the
band-gap of the tilted portion of the first nanotube and the
band-gap of the second nanotube are arranged so as to form a
diode between a first free end of the first nanotube and a
second free end of the second nanotube.

8. A method of operating a programmable read only
memory (PROM) device having a storage electrode that is
coupled to a word line and a reference node that is coupled to
a bit line, wherein a memory cell comprises a nanotube hav-
ing a tilted portion comprising a free end and a fixed portion
which is coupled to the reference node, and wherein for
writing bit information to the memory cell, the method com-
prises inducing a structural defect in the nanotube such that
the free end of the nanotube is tilted towards either the storage
electrode or an opposite release electrode so as to electrically
connect the free end to either the storage or the release elec-
trode.

9. The method according to claim 8, wherein inducing the
structural defect is performed by ion implantation.

10. The method according to claim 8, further comprising
curing the nanotube.

11. The method according to claim 8, wherein for reading
bit information from the memory cell, the method comprises
applying a high level to the word line, wherein the memory
cell provides the high level to the bit line, wherein the fixed
portion and the tilted portion have different electronic band-
gaps, and wherein the different band-gaps form a diode that
protects other memory cells from the high level.

12. The method according to claim 11, comprising utiliz-
ing the storage electrode and the opposite release electrode to
provide a protective ohmic resistance.

13. The method according to claim 8, comprising utilizing
the storage electrode and the opposite release electrode to
provide a protective ohmic resistance.

14. The PROM-device according to claim 1, wherein the
structural defect comprises at least one heptagon-pentagon
pair.



